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Structure of the DNA Repair Enzyme Endonuclease IV
and Its DNA Complex: Double-Nucleotide Flipping
at Abasic Sites and Three-Metal-Ion Catalysis
further processed by a DNA deoxyribosephosphodies-
terase, a DNA polymerase, and a DNA ligase. The con-
certed action of these enzymes restores the original DNA
sequence to complete the repair process (Friedberg et
al., 1995; Parikh et al., 1997).
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La Jolla, California 92037 The first damage-general step of BER, which is con-
served from bacteria to humans, is the recognition and²Department of Biological Sciences
Center for Biochemistry and Biophysics cleavage of DNA-abasic sites by an AP endonuclease.
There are two characterized conserved AP endonucle-State University of New YorkÐAlbany
Albany, New York 12222 ase families, and these enzymes cleave the DNA back-
bone immediately 59 of an AP site, generating a 59 deoxy-
ribose-phosphate group and a 39 deoxyribose-hydroxyl
group that primes DNA repair synthesis. The first en-Summary
zyme family is typified by Exonuclease III (Exo III) from
Escherichia coli (Weiss, 1976; Saporito et al., 1988; MolEndonuclease IV is the archetype for a conserved
apurinic/apyrimidinic (AP) endonuclease family that et al., 1995b) and the homologous APE-1 enzyme in
humans (Demple et al., 1991; Gorman et al., 1997), whichprimes DNA repair synthesis by cleaving the DNA
backbone 59 of AP sites. The crystal structures of En- are major AP endonucleases in these organisms. The
second conserved AP endonuclease family is typifieddonuclease IV and its AP±DNA complex at 1.02 and
1.55 AÊ resolution reveal how an a8b8 TIM barrel fold by E. coli Endonuclease IV (Endo IV) (Saporito and Cun-
ningham, 1988) and includes enzymes thus far identifiedcan bind dsDNA. Enzyme loops intercalate side chains
at the abasic site, compress the DNA backbone, bend in several eubacteria and eukarya (Demple et al., 1997;
Ramotar, 1997; Haas et al., 1999), including the APN-1the DNA z908, and promote double-nucleotide flipping
to sequester the extrahelical AP site in an enzyme protein from Saccharomyces cerevisiae (Popoff et al.,
1990) and Schizosaccharomyces pombe (Ramotar etpocket that excludes undamaged nucleotides. These
structures suggest three Zn21 ions directly participate al., 1998) and the CeAPN1 gene from the nematode
Caenorhabditis elegans (Masson et al., 1996). In E. coli,in phosphodiester bond cleavage and prompt hypoth-
eses that double-nucleotide flipping and sharp bend- Endo IV expression is induced by superoxide anion gen-
erators (Chan and Weiss, 1987; Walkup and Kogoma,ing by AP endonucleases provide exquisite damage
specificity while aiding subsequent base excision re- 1989), but in S. cerevisiae, APN-1 is the predominant
constitutive AP endonuclease. The importance of thispair pathway progression.
enzyme for DNA repair in yeast is underscored by ge-
netic experiments that show APN-1 null mutants to be
strong mutators driving AT→GC transversions at a rateIntroduction
z60-fold greater than observed in wild-type cells (Kunz
et al., 1994). Furthermore, this null mutant is hypersensi-The genetic integrity of cells depends on the concerted
action of repair enzymes that recognize and excise dam- tive to AP site±generating species, including alkylating
agents and chemical oxidants (Ramotar et al., 1991).aged bases and mutagenic lesions from DNA. The ma-
jority of DNA damage in cells, resulting from both en- Endo IV is an z30 kDa Zn21-dependent endonuclease
that, unlike the Mg21-dependent AP endonucleases Exodogenous and exogenous sources including reactive
oxygen species, UV light, and chemical carcinogens, is III and APE-1, resists inactivation by EDTA (Levin et al.,
1991). The purified enzyme specifically cleaves the DNADNA base damage, and the primary defense against
these genotoxic insults is the DNA base excision repair backbone at AP sites and also removes 39 DNA-blocking
groups such as 39 phosphates, 39 phosphoglycolates,(BER) pathway (Lindahl, 1993). The first step of BER is
initiated by many distinct DNA glycosylases that each and 39 a,b-unsaturated aldehydes that arise from oxida-
recognize a specific class of damaged DNA nucleotide tive base damage and the activity of combined glycosy-
and cleave the N-C19 glycosidic bond, linking the aber- lase/lyase enzymes (Ramotar et al., 1991; Demple and
rant base to the deoxyribose sugar (Cunningham, 1997; Harrison, 1994). Endo IV is also the only known repair
Krokan et al., 1997). These damage-specific glycosy- enzyme that is able to cleave the DNA backbone 59 of
lases generate as a common product apurinic/apyrimi- the oxidative lesion a-deoxyadenosine, which arises by
dinic (AP or abasic) sites, which are inherently toxic and hydroxyl radical abstraction of a proton from the C19
mutagenic (Loeb, 1985; Demple et al., 1986; Kingma atom of deoxyribose (Ide et al., 1994).
et al., 1995) and thus must be rapidly processed and Our understanding of AP endonuclease recognition
removed. In the subsequent damage-general steps of and cleavage of DNA at AP sites lacks key structural
single nucleotide BER, an AP endonuclease cleaves the data for either conserved enzyme family bound to DNA.
DNA backbone at AP sites, providing a product that is Based on biochemical and mutagenesis results and the
crystal structures of Exo III (Mol et al., 1995b) and APE-1
(Gorman et al., 1997) without bound DNA, four hypothe-³ To whom correspondence should be addressed (e-mail: jat@
scripps.edu). ses for the specific detection of AP sites in dsDNA have
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Table 1. Data Collection and Analysis
Data Set
DNA Product
Parameters Native Complex k1 k2 k3
Data Collection
Resolution (AÊ ) 1.02 1.52 2.3 2.3 2.3
Wavelength (AÊ ) 0.98 0.78 1.28184 1.28237 1.25232
Observations 465,830 150,389 44,759 48,228 47,652
Unique reflections 142,898 53,884 11,150 11,378 11,526
Completeness (%) 96 89 90 92 92
Rsym (%)a 4.2 4.8 4.7 3.8 4.1
l/sl 13.2 18.2 19.6 20.4 22.2
Refinement
Resolution (AÊ ) 20.00±1.02 20.00±1.55
Reflections 136,221 51,484
Rcrystb 0.124 0.203
Rfreec 0.148 0.254
Bond Lengths (AÊ )d
All 0.0160 0.0057
Ca-C 0.0223 Ð
C-N 0.0212 Ð
Ca-N 0.0192 Ð
C-O 0.0174 Ð
Bond Angles (8)d
All 2.500 1.093
Phi 1.862 Ð
Psi 1.804 Ð
Omega 1.397 Ð
Chi1 1.981 Ð
aRsym is the unweighted R value on l between symmetry mates.
bRcryst 5 Rhkl|Fobs(hkl)2Fcalc(hkl)|Rhkl|Fobs(hkl)|.
cRfree 5 the free R value for 5% of reflections against which the model was not refined.
dFor Endo IV, the mean standard deviations for the listed bond lengths and angles were determined by inversion of a least-squares matrix.
For the Endo IV:DNA complex, coordinate errors are summarized as the root-mean-square deviation from ideality of the protein bond lengths
and angles.
been proposed: (1) recognition of an extrahelical deoxy- Results and Discussion
ribose ring by an enzyme±active site pocket (Gorman et
al., 1997); (2) enzyme-induced flipping of the nucleotide Structure Determination and Overview
We determined the structure of Endo IV by combiningopposite an AP site (Mol et al., 1995b); (3) recognition
of AP site±promoted distortions of the DNA backbone ultra-high resolution 1.02 AÊ data with phases obtained
from multiwavelength Zn anomalous diffraction (MAD)(Mol et al., 1995b); and (4) insertion of a tryptophan side
chain into the AP site gap (Shida et al., 1996). A detailed methods (Table 1). The excellent crystal quality, com-
bined with the high occupancy of the native Zn sites,structural analysis of an AP endonuclease:DNA complex
is needed to examine these hypotheses and to unravel yielded exceptional MAD data and fully interpretable
experimental electron density maps. Refinement anda major puzzle in DNA BER concerning how the initial
excision steps are coupled to avoid pathway disruptions refitting to electron density difference maps provided
an intermediate model with six residues modeled in mul-and AP site toxicity (Parikh et al., 1999). To address
these points, we herein report the crystallization and tiple conformations. Subsequent high-resolution refine-
ment of all enzyme atoms including hydrogens and ap-high-resolution atomic structure determination of E. coli
Endo IV both alone and in complex with duplex DNA plication of anisotropic temperature values to each
nonhydrogen atom gave a model with good stereo-containing a synthetic abasic site. These results provide
informative structures of the Endo IV AP endonuclease chemistry and in excellent agreement with the observed
diffraction data (Rcryst5 0.124; Rfree 5 0.148). The highfamily, which is conserved across the three kingdoms
of life, and furthermore provide very high resolution free data-to-parameter ratio permitted precise measures of
bond angles and distances, and inversion of a least-and DNA-bound structures for a DNA repair enzyme.
Moreover, these results reveal the use of the widely squares matrix defined the experimental errors in these
values (Table 1). This Endo IV structure thus providesoccurring TIM barrel fold for DNA binding and catalysis
and define the structural chemistry for Endo IV damage an extremely high resolution description of a DNA repair
and Zn-containing enzyme.recognition and bond cleavage at AP sites, a-deoxy-
adenosine, and 39 blocking groups in DNA. Endo IV is a single domain ab protein (z50 AÊ 3 z50
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Figure 1. Endo IV Fold and Secondary Structure
Orthogonal views of the Endo IV overall fold and topology with a helices (blue coils) and b strands (gold arrows) labeled as in Figure 2B. The
active site is located within a deep pocket at the C-terminal edge of the b barrel, where three Zn ions are ligated by absolutely conserved
Asp, Glu, and His side chains.
AÊ 3 z30 AÊ ) with the secondary structure elements ar- minal groove, which together with positively charged
Arg and Lys residues and the three active site Zn21ranged as a barrel having eight parallel b strands sur-
rounded by eight peripheral a helices (Figure 1). This ions, impart an overall net positive electrostatic potential
throughout the groove that complements the negativelya8b8 fold, which was first observed in triose phosphate
isomerase (TIM) (Banner et al., 1975), is a major folding charged DNA phosphate backbone (Figure 4). Thus, as
seen for other TIM barrel enzymes (Farber and Petsko,superfamily that occurs in many enzymes of diverse
function (Farber and Petsko, 1990; Reardon and Farber, 1990; Reardon and Farber, 1995), Endo IV utilizes the
C-terminal edge of the b barrel to house residues and1995). Like other TIM barrel proteins, the Endo IV b barrel
topology is 11 for b1±b8, with b1 hydrogen bonding to metal ions implicated in substrate binding and catalysis.
However, unlike most other a8b8 enzymes, whose sub-b8 and all eight flanking a helices oriented with their N
termini pointing toward the C-terminal end of the b barrel strates are typically small molecules that bind within the
C-terminal loops of the barrel, this Endo IV structure(Figure 1). The N and C termini of Endo IV lie close
together at the N-terminal edge of the barrel. demonstrates how the ubiquitous TIM barrel fold can
bind large macromolecules such as DNA. Moreover,
these results show how specific structural features suchThe Endo IV TIM Barrel Is Ideally Suited
for Binding DNA as the deep, crescent-shaped groove and the positive
helix dipoles pointing toward the C-terminal face of theA major feature of the Endo IV structure is a distinct
crescent-shaped groove formed by the protruding loops enzyme where DNA binding occurs are well suited to
complement binding of a long and negatively chargedconnecting the a helices and b strands at the C-terminal
end of the b barrel (Figure 2). The width of the groove DNA duplex or other polynucleotide. Thus, this Endo IV
structure shows that the TIM barrel fold can be opti-varies from 10 to 20 AÊ , and the three Zn21 ions, which
are critical for activity, plus the majority of conserved mized for DNA binding and will therefore likely recur in
other proteins that bind to, modify, or repair nucleic acidamino acids (Figure 2) cluster at the bottom of the
groove, identifying this region as the enzyme active site substrates. As the characteristic sequence patterns for
the a8b8 barrel aids prediction of fold for this class of(Figure 3 and see below). Notably, the Endo IV TIM barrel
fold orients the eight a helices surrounding the central proteins and allowed a prediction of the Endo IV fold
(Aravind et al., 1999), our structural results suggest se-b barrel with their positive helix dipoles facing the C-ter-
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Figure 2. Sequence, Secondary Structure, Residue Function, and Conserved Surface of Endo IV
(A) The sequence-conserved regions of Endo IV were mapped onto the solvent-accessible surface using AVS and local modules developed
at TSRI. Phylogenetic conservation (Mol et al., 1998), as indicated by the gradient of the red coloring (dark red, most conserved; white,
nonconserved) is highest in the region of the active site and the deep, crescent-shaped groove at the C-terminal edge of the b barrel. The
three active site Zn ions are indicated by green spheres.
(B) Amino acid sequence alignment of E. coli (1), S. cerevisiae (2), and C. elegans (3) Endo IV highlighting for this family of AP endonucleases
conserved residues between species (red), metal-binding active site residues (blue), and functional enzyme motifs, including minor groove
and phosphate-binding loops (boxed in green and magenta, respectively). Above the sequences, hollow tubes indicate a helices, black arrows
show b strands, and solid lines show the loops that connect the secondary structure elements. Below the sequence, black asterisks mark
every twentieth position in the E. coli sequence.
quence pattern searches for a TIM barrel plus the tri- determined to be Zn for this fully active crystallized ma-
terial by analysis of anomalous difference Pattersonnuclear Zn center may provide a signature for identifica-
maps from X-ray diffraction data collected above andtion of mammalian Endo IV homologs.
below the Zn absorption edge, indicating Mn21 is not
needed for activity (data not shown). In the active site,
Active-Site Trinuclear Zn Center Environment two of the Zn atoms (Zn1 and Zn2) are partially buried
The Endo IV active site contains a trinuclear Zn center from solvent and are separated by 3.40 AÊ (Figures 2A and
that is ligated by conserved protein side chains that 3B). The third Zn site (Zn3), which is relatively solvent
cluster at the center of the deep, crescent-shaped accessible, is displaced from the first two metal centers
groove (Figures 2A, 3A, and 3B). The identity of all three with a Zn3±Zn1 distance of 5.43 AÊ and a Zn3±Zn2 dis-
metal ions, which biochemical experiments suggested tance of 4.67 AÊ . Importantly, the most conserved se-
could be a combination of Zn21 or Mn21 (Levin et al., quence region for this class of AP endonucleases (resi-
dues 171±189; Figure 2B) provides hydrogen bonding1991, and our unpublished results), were unambiguously
Double-Nucleotide Flipping in Structures of Endo IV
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Figure 3. Stereochemistry and Function of the Trinuclear Zn Cluster
(A) Stereo 1.02 AÊ resolution electron density maps and the refined model for the Endo IV active site Zn cluster. The 2Fo 2 Fc electron density
is contoured at 15s (yellow), 6s (red), and 2.25s (blue). The three active site Zn21 ions are labeled. Figures 3A and 4C were generated with
Raster3D (Merritt and Murphy, 1994) as implemented in the program Xfit (McRee, 1999).
(B) Comparison of the Endo IV (left) and PLC (right; PDB identifier:1AH7) active sites and metal ions implies related function despite completely
different folding frameworks (not shown). Endo IV solely uses conserved His, Asp, and Glu side chains to ligate the three Zn ions, while Zn2
in PLC is ligated by the backbone atoms of N-terminal Trp-1. Both enzymes possess the catalytic water molecule (Wat-1) that bridges Zn1
and Zn2, and a second water (Wat-2) that serves as the final ligand to Zn3.
and packing interactions among structural elements at strands of the b barrel (b3±b8), while the Zn3 site is
formed by residues removed from the central barrel,both ends of the b barrel that integrate the barrel and the
conformational arrangement of the Zn21 ions by stacking specifically His-229 and His-231 from the a7±b7 loop
and His-182 from the aA helix (Figure 2B).ligands Asp-179 and His-182 to stabilize the relative
positions of Zn2 and Zn3. The Zn1 site is tetrahedrally The Endo IV active site Zn21 ions are likely to be di-
rectly involved in phosphodiester cleavage, as observedcoordinated by the side chains of His-69, His-109, Glu-
145, and water molecule 1 (Wat-1). Both Wat-1, which in other trinuclear Zn cluster±containing enzymes. Both
P1 nuclease (P1) from Penicillium citrinum (Volbeda etis likely deprotonated to act as the likely nucleophile in
the hydrolysis reaction, and Glu-145 bridge the Zn1 and al., 1991; Romier et al., 1998) and phospholipase C (PLC)
from Bacillus cereus (Hough et al., 1989; Hansen et al.,Zn2 sites (Figures 3A and 3B). The Zn2 site has nearly
perfect trigonal bipyramidal geometry formed by axial 1992, 1993) utilize three Zn21 ions to mediate hydrolysis
of a phosphodiester bond (Figure 3C), yet have no aminoligands Glu-145 and Glu-261 and equatorial ligands Asp-
179, His-216, and Wat-1. Zn3 is coordinated in a dis- acid sequence or structural homology to Endo IV. P1
nonspecifically cleaves ssDNA to yield 39 hydroxyls andtorted trigonal bipyramidal arrangement by His-182, His-
231, water molecule 2 (Wat-2), and the two side chain 59 phosphoryl groups, while PLC cleaves phospholipids
to diacylglycerol and a phosphorylated lipid head group.carboxyl oxygens of Asp-229, which forms a unibiden-
tate ligand to Zn3 (Figure 3B). Interestingly, the residues Like Endo IV, the active sites of both enzymes are lo-
cated in deep clefts, but the similar all a-helical foldsthat ligate Zn1 and Zn2 emanate from six separate
Cell
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Figure 4. Structure and Interactions for the Endo IV:DNA Product Complex
(A) Stereoview of the enzyme and DNA conformational interactions in the Endo IV:DNA product complex. In the complex, the DNA (green
tubes with yellow phosphates and red backbone oxygens) is bent by z908 with the orphan G20 nucleotide (white) displaced from the DNA
helix and the abasic nucleotide (white) flipped by 1808 out of the DNA helix into the enzyme active site. The scissile phosphate bond connecting
C6 and the abasic nucleotide is broken, identifying this as a cleaved AP DNA product complex, and the 59 phosphate is bound to the three
Zn ions. The free 39 hydroxyl of C6 is tightly bound to Zn3, displacing the tightly bound water seen in the free enzyme (Wat-2, Figure 3B).
Insertion of Arg-37, which exists in two distinct conformations, Tyr-72 and Leu-73 (yellow), through the DNA minor groove and into the base
stack stabilizes the bent DNA and assists in double-nucleotide flipping of the orphan G20 and the AP site.
(B) Stereoview of the electrostatic potential of Endo IV in the enzyme:DNA complex mapped onto the solvent-accessible surface calculated
with a probe of radius 1.5 AÊ . The Endo IV surface is colored by electrostatic potential (11.5kT/e2 to 21.5kT/e2) with electropositive regions
colored blue and electronegative regions colored red. The combination of the positively charged helix dipoles, active site Zn ions, and Arg
and Lys side chains impart an overall positive charge in and along the active site groove that complements DNA backbone binding. The
electrostatic potential was calculated with the program UHBD (Davis et al., 1991) and mapped onto the solvent-accessible surface using AVS
(Advanced Visualization Systems Inc., Waltham, MA) as previously described (Getzoff et al., 1992).
(C) 1.55 AÊ resolution 2Fo 2 Fc electron density map illustrating the dramatic z908 DNA bend in the Endo IV:DNA product complex. In the
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of PLC and P1 are unrelated to the Endo IV TIM barrel to R loop b7±a7 with direct contacts to six nucleotides:
the two base pairs flanking the AP site, plus nucleotidesfold. Despite these structural differences, an activated
hydroxide ion bridging two Zn21 ions is also thought at positions 12 and 22 from the damage (Figure 4).
These contacts anchor the flipped-out abasic nucleo-to be the attacking nucleophile in both P1 and PLC
(Coleman, 1998; Romier et al., 1998). This Endo IV struc- tide to the enzyme active site and position its 59 phos-
phate such that it is intimately ligated to all three Zn21ture thus helps establish the trinuclear Zn cluster as
an optimal motif for catalyzing phosphodiester bond ions (Figures 4C and 4D). The complementary strand
passes across the other half of the barrel from R loopcleavage; however, enzyme specificity likely derives
from specific structural features that, in the case of Endo b5±a5 to R loop b2±a2, and five nucleotides from this
strand (G19±A23) directly contact the enzyme (FiguresIV, allow it to recognize AP sites within dsDNA.
4B and 4D).
Complex with Productively Cleaved
Damaged dsDNA Conformational Changes Accompany
Double-Nucleotide FlippingTo define the structural chemistry for Endo IV recogni-
tion of AP sites within dsDNA, we determined the co- Endo IV undergoes striking local structural changes to
penetrate the DNA minor groove, displace the targetcrystal structure of wild-type Endo IV bound to a 15
base pair duplex DNA containing tetrahydrofuran as a nucleotides, and form a productive complex with AP-
DNA. Three rigid DNA backbone±binding R loops anchorsynthetic abasic site (Figures 4A and 4B). The Endo
IV:DNA complex structure was solved by molecular re- the damaged DNA to the enzyme by direct and water-
mediated hydrogen bonds to the DNA phosphates andplacement with the free enzyme and refined to 1.55 AÊ
resolution (see Experimental Procedures and Table 1). bases of the AP-DNA strand (b1±a1 and b7±a7) and
to the complementary strand (b5±a5) via both enzymeIn the refined model, the electron density is well defined
for the protein and the DNA except for the last two base backbone and side chain atoms (Figures 2 and 4D).
These three R loops, as well as the overall structure ofpairs at one end of the duplex. Initial electron density
maps showed that the AP site 59 phosphate was not Endo IV, are very similar in the DNA complex and free
structures (rmsd 5 0.405 AÊ for all Ca atoms). Significantconnected to the 39 hydroxyl of the preceding nucleo-
tide. The refined 1.55 AÊ resolution simulated annealing conformational changes occur, however, for the minor
groove±binding R loops b2±a2 and b3±a3, with back-omit maps confirmed that this is an Endo IV:DNA product
complex and thus reveals the structural basis for AP site bone movements approaching 3 AÊ and more dramatic
side chain shifts ranging from 5.5 to 11 AÊ . These confor-detection, binding specificity, and chemical catalysis.
Endo IV recognizes AP sites by flipping both the aba- mational changes facilitate key enzyme±DNA interac-
tions that evidently actively promote double-nucleotidesic site and its partner nucleotide out of duplex DNA
and bending the DNA z908 at the flipped-out nucleo- flipping and stabilize the z908 distortion that bends the
DNA in a direction away from the protein by providingtides. This angular distortion is considered a bend rather
than a kink, as the helical axes for the two respective intercalating side chains that stack with the two sets
of base pairs flanking the AP site and by binding thesegments almost meet at a point with apparently insig-
nificant displacement. Binding to dsDNA is mediated complementary DNA strand as well as the DNA at the
end of the interface, 59 of the AP site (Figures 4C andvia five DNA recognition loops (R loops) that emanate
from the C-terminal end of the central b barrel (Figure 4D). As a result of these DNA base and backbone inter-
actions, the DNA backbone is compressed z6.4 AÊ be-4A): R loops b1±a1, b5±a5, and b7±a7 primarily bind the
DNA phosphate backbone, whereas R loops b2±a2 and tween the AP site±flanking phosphates, and the minor
groove is dramatically widened by z5.5 AÊ relative tob3±a3 also bind the phosphate backbone and further-
more provide major DNA base interactions at the AP normal B-DNA.
The movements of the two minor groove±binding b2±a2site. The rigid TIM barrel framework positions these five
R loops to provide extensive charge, chemical, and and b3±a3 R loops provide DNA damage±inducible com-
plementarity and facilitate DNA binding by inserting resi-shape complementarity for the entire interface (Figure
4B). Nucleotides on both DNA strands are contacted dues into the DNA base stack to occupy the gap left
from the flipping out of both the AP site and its orphanalmost equally across a length of about 23 AÊ , with the
solvent-accessible surface area buried on the enzyme nucleotide partner, by hydrogen bonding to the phos-
phate backbone 39 of the AP site and both 39 and 59 toby the AP site±containing strand (z600 AÊ 2) only slightly
larger than that buried by the complementary strand the orphan nucleotide, and by allowing the phosphate
59 of the AP site to bind all three Zn atoms (Figure 4).(z500 AÊ 2). The AP-DNA strand traverses the inner half
of the crescent-shaped groove on the enzyme surface Upon penetration of the DNA minor groove by R loop
b3±a3, the Tyr-72 side chain rotates z1358 about x1 andacross one-half of the Endo IV barrel from R loop b1±a1
complex, the cleaved scissile phosphate is intimately ligated to all three active site Zn ions (green). The electron density is contoured at 1.0s
(blue) and 4.0s (red).
(D) Schematic illustrating Endo IV:DNA interactions observed in the product complex. Hydrogen bond interactions with DNA are shown for
amino acid side chains (solid black arrows) and backbone atoms (solid blue arrows). Water-mediated contacts are illustrated with solid red
arrows, and the active site Zn ions, which bind the phosphate of the flipped-out abasic nucleotide, are depicted as light blue spheres (1, 2,
and 3). Stacking interactions with DNA nucleotides are illustrated with dashed black lines. The number of enzyme:DNA interactions made to
each strand is almost equal.
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Figure 5. Conformational Changes in the b2±a2 R Loop Facilitate Endo IV:DNA Interactions
The intricate hydrogen bonding network that stabilizes the b2±a2 R loop in the free enzyme (pink) is dramatically altered upon formation of
the Endo IV:DNA complex. In the complex, significant side chain rearrangements of b2±a2 residues Asn-35, Gln-36, Arg-37, Gln-38, and Trp-
39 (dark purple) facilitate enzyme contacts to minor groove atoms (green tubes with polar oxygen [red] and nitrogen [blue] atoms colored by
type) that stabilize the extrahelical nucleotides and the z908 bend in the DNA. Importantly, these structural changes permit Arg-37, which is
in two distinct conformations, to insert into the DNA minor groove, where it stacks with both bases 39 (C8:G19) of the AP site and, furthermore,
to place conserved Trp-39 in position to anchor the orphan guanine (G20) in its extrahelical conformation. Upon DNA binding, the side chain
of Lys-86, which packs with Trp-39 in the free enzyme, also undergoes significant rotation about x1 (z1008) to maintain this interaction in the
enzyme:DNA complex. For clarity, amino acids have been labeled using standard one letter code.
z508 about x2 to stack with the 59 base (C6) and fill the AP site (Ide et al., 1994), suggesting that Endo IV flips any
nucleotide opposite an AP site. Thus, these observedhole left by the extrahelical AP site, while the Leu-73
side chain moves 2 AÊ to wedge against G21 (Figures 4A conformational changes in Endo IV help establish and
develop an emerging theme, from combined structuraland 4D). This Tyr side chain switch allows Endo IV to
bind the 59 phosphate of the extrahelical AP site and and biochemical work on BER glycosylases (Slupphaug
et al., 1996; Barrett et al., 1998; Guan et al., 1998; Laufurthermore provides key stacking interactions with the
base pair 59 (C6:G21) of the damage. Significant con- et al., 1998) and polymerases (Sawaya et al., 1997), that
enzyme conformational changes induced by DNA bind-certed rearrangements of the b2±a2 R loop further facili-
tate tight interactions with DNA bases and phosphate ing are critical for specific substrate recognition, bind-
ing, and catalysis (Parikh et al., 1998, 1999). These re-groups, including key Arg-37 stacking interactions with
the base pair 39 (C8:G19) of the AP site (Figures 4D and sults extend this theme to a BER AP endonuclease and
trigger the hypothesis that side chain shifts and double-5). Although the Ca of Arg-37 only moves 2.7 AÊ toward
the DNA, the arginine guanidinium group shifts z11 AÊ nucleotide flipping to form the productive complex will
prove important for specific damage recognition andto insert through the DNA minor groove, where it stacks
with the 39 base pair, displaces the guanine opposite the DNA backbone bond cleavage in other AP endonucle-
ases such as Exo III (Mol et al., 1995a) and APE-1 (Gor-AP site (G20), and interacts with an AP site phosphate
(Figure 4D). Important concerted side chain shifts on R man et al., 1997).
Taken together, these high-resolution free and DNA-loop b2±a2 also occur for Gln-36 (3.7 AÊ ) and Gln-38
(6.0 AÊ ), which interact with the O49 atoms of the 39 base bound Endo IV structures suggest that the initial detec-
tion of AP sites in DNA is mediated by interactions be-pair C8 and G19, and Asn-35 (5.5 AÊ ), which forms direct
hydrogen bonds with atoms of three nucleotides: the tween the electrostatically positive C-terminal face of
the Endo IV b barrel and DNA backbone phosphatesO2 atom of C8, the N2 atom of G19, and the O49 atom
of G9 (Figures 4D and 5). Key structural shifts are also (Figure 4B) and by direct contacts between b2±a2 R
loop residues and minor groove atoms immediately 39made by Trp-39, whose backbone amide moves 2.2 AÊ
to interact with the G19 phosphate, while its aromatic of the AP site (Figure 5). These contacts could be made
with normal DNA through a slight expansion of the minorside chain rotates z1008 about x1 and z808 about x2
to move Ne1 5.80 AÊ , where it interacts with the G20 groove to accommodate insertion of the b2±a2 R loop
and may lead to initial DNA bending. Upon detectingphosphate group (Figures 4D and 5). These flanking
phosphate contacts, which help compress the phos- an AP site, which lacks the base pairing and stacking
interactions of normal DNA, Endo IV likely promotesphate backbone and stabilize the bent DNA, likely assist
in flipping G20 out of the duplex and thereby explain the greater DNA bending that occurs simultaneously with
penetration of the DNA base stack by Arg-37. This allowsabsolute conservation of Trp-39 (Figure 2B). No specific
contacts are made to the extrahelical guanine base, and shifting of the side chain of Tyr-72 to promote en-
zyme:DNA base pair stacking interactions 39 and 59 ofEndo IV has no preferences for the base opposite an
Double-Nucleotide Flipping in Structures of Endo IV
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Figure 6. Abasic Site and a Base±Binding
Pockets
(A) The abasic sugar (green with colored
atoms) of the flipped-out nucleotide is bound
within the deep DNA-binding groove in a se-
questered active site pocket made up by
His-7, Phe-32, Tyr-72, Glu-261, and Trp-268
(brown tubes with polar oxygen [red] and ni-
trogen [blue] atoms colored by type). The
pocket can accommodate a hydroxyl at the
C19 atom of deoxyribose, yet normal DNA nu-
cleotides in the b configuration are sterically
prevented from binding in the pocket. The 59
phosphate of the flipped-out AP site is shown
ligated to the three active site Zn21 ions (large
green spheres).
(B) Structure-based model of a-deoxyadeno-
sine bound in the solvent-accessible pocket
on the Endo IV surface. The Endo IV solvent-
accessible surface (yellow) was calculated
using modules in AVS, and the alpha anomer
of adenosine (purple ball and sticks with as-
sociated van der Waals surface) was modeled
into the solvent-exposed pocket by superpo-
sition onto the abasic nucleotide in the Endo
IV:DNA product complex.
the damage and AP site nucleotide flipping. Flipping of of dsDNA. However, a nucleotide in the a configuration,
which results from oxidative radiation damage (Ide etthe opposing nucleotide and structural rearrangements
al., 1994), can be accommodated in the active site byof key b2±a2 R loop side chains, including Trp-39, which
placing its base in the solvent-accessible pocket on theanchors the DNA through interactions with backbone
enzyme surface (Figure 6B), consistent with the efficientphosphates, likely promotes full DNA bending and com-
binding and cleavage of a-deoxyadenosines in DNA byplete formation of a catalytically competent complex.
Endo IV (Ide et al., 1994). Similarly, the enzyme's 39 repairThus, we suggest that AP endonucleases achieve their
diesterase activity is explained because the enzyme APexquisite specificity while retaining the ability to bind
site pocket can accommodate modified nucleotidesand thereby scan normal dsDNA by requiring double-
such as 39 a,b-unsaturated aldehydes, 39 phosphates,nucleotide flipping and DNA bending that places the
and 39 phosphoglycolates and makes no critical con-phosphate of the AP site into position for productive
tacts to the AP site 39 phosphate. In contrast, the targetcleavage. Specificity therefore results from concerted
AP site 59 phosphate is intimately coordinated by thechanges in the protein and DNA that are damage specific
three Zn21 ions and enzyme residues, and these interac-and from the structural chemistry of the active site as
tions appear critical for catalysis.detailed below. This testable hypothesis provides a useful
These high-resolution structures suggest that the ge-framework to address questions of AP endonuclease ac-
ometry of the Endo IV trinuclear zinc cluster is exquisitelytivity by structural, biochemical, and mutational analysis.
tuned for cleaving phosphodiester bonds, with all three
Zn21 ions participating in catalysis. In the product com-AP Site Selectivity and Three-Metal-Ion-Mediated
plex, Zn3 ligates the cleaved 39 hydroxyl, which replacesCatalysis
Wat-2 seen in the 1.02 AÊ free enzyme structure (FigureIn the Endo IV:DNA product complex, the resulting extra-
3B), while two of the three unesterified oxygens of the
helical abasic nucleotide binds in a sequestered active
59 phosphate are coordinated by all three metal ions.
site pocket within the deep groove that accommodates These two unesterified oxygens are bridging ligands
duplex DNA. The target P-O bond is cleaved and the between adjacent Zn21 ions, and one replaces the bridg-
now-terminal phosphate is ligated by all three Zn21 ions ing hydroxide seen in the free enzyme (Wat-1; Figure
(Figures 4A and 4C). The Endo IV AP site pocket is 3B). The 39 hydroxyl and 59 phosphate oxygen positions
formed by His-7, Phe-32, Tyr-72, Trp-268, and the Zn21 observed in the Endo IV:DNA complex, together with
ligand Glu-261 (Figure 6A). His-7 and Phe-32 pack the bridging oxygen of the free structure, suggest an
against the hydrophobic C19, C29, and C39 atoms of the elegant mechanism in which hydrolysis proceeds through
AP site, and Glu-261 caps the sugar O49 atom, but no a pentacoordinate transition state where the unesteri-
specific hydrogen bonds are made with the sugar. The fied phosphate oxygen that bridges Zn2 and Zn3 re-
C19-OH from the b anomer of an abasic deoxyribose mains bound to its cognate metal ions (Figure 7). Initial
could interact with the His-7 side chain, whereas in the binding of Endo IV to an extrahelical AP site is con-
a configuration, the C19-OH would be directed toward strained by the intact target P-O39 covalent bond, and in
a solvent-accessible pocket on the enzyme surface. Im- the pretransition state, the bridging hydroxide between
portantly, this complex reveals the basis for Endo IV Zn1 and Zn2 would be positioned ideally for an in-line
cleavage specificity, as normal b configuration nucleo- attack on the phosphate. Glu-261, which is also a Zn2
tides are sterically excluded from binding in the enzyme ligand, may assist in orienting and activating the at-
tacking nucleophile (Figure 3B). Charge neutralizationactive site pocket, preventing indiscriminate cleavage
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Figure 7. Structure-Based Three-Metal-Ion
Mechanism for Endo IV Phosphodiester Bond
Cleavage
Nucleophilic attack by the bridging hydroxide
is facilitated by interaction of the scissile
phosphate with all three Zn21 ions that render
the phosphorus atom susceptible to nucleo-
philic attack. As the reaction proceeds through
a pentacoordinate transition state that is sta-
bilized by all three metal ions, the unesterified
oxygen that bridges Zn2 and Zn3 remains
bound to these metal ions and collapse of the
transition state inverts the stereochemistry at
the scissile phosphate. The developing nega-
tive charge at the O39 atom is stabilized by
interaction with Zn3.
of the phosphate group by interaction with the three Zn21 polymerase:DNA complexes (Pelletier et al., 1994; Sa-
waya et al., 1997; Zhong et al., 1997). Thus, the double-ions likely renders the phosphorus atom susceptible
to nucleophilic substitution, and the pentacoordinate nucleotide flip and z908 bend seen in this Endo IV:DNA
complex provides a plausible structural signal for path-transition state resulting from attack by the bridging
hydroxide is stabilized by all three metal ions. As this way progression and damage channeling in DNA base
excision repair that merits further experimental investi-transition state collapses to the reaction products, the
stereochemical configuration of the phosphate is in- gation.
verted and the developing negative charge at O39 stabi-
lized by interactions with Zn3 (Figure 7). Thus, for the Experimental Procedures
Endo IV AP endonuclease family, and as has been pro-
Crystallization and X-Ray Data Collectionposed for other trinuclear Zn center enzymes (Coleman,
Endo IV was overexpressed and purified as described (Haas et1998; Romier et al., 1998), all three Zn21 ions participate
al., 1999). HPLC-purified synthetic oligonucleotides were purchaseddirectly in a three-metal-ion mechanism for phospho-
from the Midland Certified Reagent Co., and the tetrahydrofuran
diester hydrolysis that is responsible for all Endo IV DNA (THF)-containing strand (59-GCGTCCFCGACGACG-39, where F
repair activities. represents the THF) was annealed to the complementary strand
(59-CGTCGTCGGGGACGC-39). Endo IV crystals are grown at 228 by
sitting drop vapor diffusion by mixing equal volumes of proteinConclusions and General Implications
solution (10 mg/ml) with precipitant (20% PEG-400, 100 mM HEPESThese high-resolution Endo IV structures reveal a novel
[pH 6.0], 100 mM ZnCl2). The crystals contain one copy of Endo IVuse of the a8b8 TIM barrel fold for DNA binding and in the crystallographic asymmetric unit and belong to the space
identify key structural features responsible for DNA group P21 with cell dimensions a 5 49, b 5 59, c 5 51 AÊ , and b 5
damage recognition and catalysis. The enzyme must 1108. An ultra-high resolution, 1.02 AÊ data set was collected at the
bind and scan normal DNA via electrostatic complemen- Stanford Synchrotron Radiation Laboratory (SSRL) on beamline 9-1
(l 5 0.98 AÊ ) using a 34.5 cm MARRESEARCH imaging plate. MADtarity and hydrogen bonding to the DNA phosphate
data were collected at three wavelengths near the Zn absorptionbackbone from b barrel loops and a-helical dipoles ide-
edge using a single crystal at beamline F-2 at the Cornell Highally positioned by the a8b8 framework. DNA damage Energy Synchrotron Source (CHESS). Complexes of Endo IV bound
detection evidently proceeds by insertion of side chains to THF-containing DNA were prepared by mixing the DNA and en-
from two minor groove recognition loops into the DNA zyme (at 30 mg/ml) in a 2:1 (DNA:enzyme) molar ratio and letting
base stack through the minor groove. DNA backbone the mixture sit for 30 min at 48C. Crystals of this complex were
grown at room temperature by hanging drop vapor diffusion bycompression, double-nucleotide flipping, and seques-
mixing equal volumes of the complex with a precipitant solutiontration of the extrahelical AP site within an enzyme
containing 20% MPEG-2K and 100 mM MES (pH 6.5). These crystalspocket that discriminates against undamaged nucleo-
contain a single copy of the Endo IV:DNA complex in the crystallo-
tides establishes how AP endonucleases achieve speci- graphic asymmetric unit and belong to space group C2 with cell
ficity while retaining the ability to bind and scan normal dimensions a 5 137, b 5 59, c 5 51 AÊ , and b 5 93.708. Single
dsDNA. The product complex suggests that rigid loop± wavelength data for the Endo IV:DNA complex to 1.52 AÊ resolution
were collected on beamline 9-1 at SSRL. Prior to data collection,DNA backbone interactions plus damage-induced con-
all crystals were briefly immersed in precipitant solution containingcerted shifts by the two minor groove recognition loops
20% ethylene glycol as cryoprotectant and flash cooled in an N2provide DNA backbone compression and flipping of the
stream at 21708C. All data were processed using the programs
target AP site and its opposing nucleotide out of the DENZO and SCALEPACK (Otwinowski, 1993).
DNA base stack to produce a z908 bend in the DNA.
These conformational changes permit the target phos- MAD Phasing, Model Building, and Refinement
phate to bind the three active site Zn21 ions and support The structure of Endo IV was solved with MAD techniques and
phases determined from data collected near the Zn atomic absorp-an elegant three-metal-ion mechanism where an adja-
tion edge. The positions of three Zn atoms were determined withcent hydroxide is ideally positioned for in-line attack at
the program SOLVE (Terwilliger and Berendzen, 1999) and verifiedthe scissile P-O bond. Furthermore, the increased DNA
by manual inspection of anomalous difference Patterson maps withbend in the Endo IV:DNA complex compared to DNA
the XtalView system of programs (McRee, 1999). Heavy atom posi-
glycosylase±DNA complexes (Slupphaug et al., 1996; tions, temperature factors, and occupancies were refined and
Barrett et al., 1998; Lau et al., 1998) generates a trajec- phases calculated with SOLVE (Terwilliger and Berendzen, 1999) to
give a 2.4 AÊ resolution phase set with an overall figure of merit oftory consistent with the DNA conformation seen in repair
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0.80. The resulting phases were improved by density modification software suite for macromolecular structure determination. Acta
Crystallogr. D 54, 905±921.with the program DM (Collaborative Computational Project Number
4, 1994) to give an electron density map of excellent quality that Chan, E., and Weiss, B. (1987). Endonuclease IV of Escherichia coli
was readily interpretable and allowed tracing of the entire polypep- is induced by paraquat. Proc. Natl. Acad. Sci. USA 84, 3189±3193.
tide chain with the program XFIT (McRee, 1999). This initial model Coleman, P.E. (1998). Zinc enzymes. Curr. Opin. Chem. Biol. 2,
was first refined to 1.6 AÊ resolution by stereochemically restrained 222±234.
rigid body refinement followed by positional refinement and refine-
Collaborative Computational Project Number 4 (1994). The CCP4ment of individual atomic temperature values with X-PLOR 3.8
suite: programs for protein crystallography. Acta Crystallogr. D 50,(BruÈ nger et al., 1987). This model was substantially improved by
760±763.refinement of anisotropic B factors with the program Shelx-97 (Shel-
Cunningham, R.P. (1997). DNA glycosylases. Mutat. Res. 383,drick, 1997) and the high-resolution 1.02 AÊ data. The current model
189±196.with hydrogen atoms and anisotropic temperature factors includes
2217 protein atoms, 3 Zn atoms, and 340 water molecules and Davis, M.E., Madura, J.D., Luty, B.A., and McCammon, J.A. (1991).
contains 5 residues modeled in alternate conformations. The Endo Electrostatics and diffusion of molecules in solution: simulations
IV:DNA complex was solved by molecular replacement with the with the University of Houston brownian dynamics program. Comp.
program EPMR (Kissinger et al., 1999) and the high-resolution wild- Phys. Commun. 62, 187±197.
type structure as the search model. The initial molecular replace- Demple, B., and Harrison, L. (1994). Repair of oxidative damage to
ment solution (correlation coefficient 5 0.627; R factor 5 0.375) was DNA: enzymology and biology. Annu. Rev. Biochem. 63, 915±948.
refined with the Crystallography and NMR System package (CNS
Demple, B., Johnson, A., and Fung, D. (1986). Exonuclease III andversion 0.4; BruÈ nger et al., 1998), and the DNA was built into sA-
endonuclease IV remove 39 blocks from DNA synthesis primers inweighted Fo 2 Fc electron density maps (Read, 1986). Remaining H2O2-damaged Escherichia coli. Proc. Natl. Acad. Sci. USA 83, 7731±parts of the model were traced in successive rounds of rebuilding
7735.and refinement using both sA-weighted Fo 2 Fc and simulated an-
Demple, B., Herman, T., and Chen, D.S. (1991). Cloning and expres-nealing omit maps. The final model, refined to 1.55 AÊ resolution,
sion of APE, the cDNA encoding the major human apurinic endonu-was completed with the program Shelx-97 (Sheldrick, 1997), which
clease: definition of a family of DNA repair enzymes. Proc. Natl.allowed the Zn, S, and P atoms to be refined with anisotropic temper-
Acad. Sci. USA 88, 11450±11454.ature values. The current model contains 2174 protein atoms, 520
DNA atoms, 3 Zn atoms, and 340 water molecules and contains 5 Demple, B., Harrison, L., Wilson, D.M., III, Bennett, R.A., Takagi, T.,
and Ascione, A.G. (1997). Regulation of eukaryotic abasic endonu-residues modeled in alternate conformations. The last two base
pairs at one end of the duplex lacked clear electron density and cleases and their role in genetic stability. Environ. Health Perspect.
105, 931±934.were excluded from the final model. For both structures, 5% of
the data were excluded from the refinement and used for cross- Farber, G.K., and Petsko, G.A. (1990). The evolution of alpha/beta
validation to calculate a free R value (BruÈ nger, 1993). barrel enzymes. Trends Biochem. Sci. 15, 228±234.
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